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Abstract

West Nile virus has caused several outbreaks among humans in the Phoenix metropolitan area
(Arizona, southwest USA) within the last decade. Recent ecologic studies have implicated Culex
quinquefasciatus and Culex tarsalis as the mosquito vectors and identified three abundant
passerine birds—great-tailed grackle (Quiscalus mexicanus), house sparrow (Passer domesticus),
and house finch (Haemorhous mexicanus)—as key amplifiers among vertebrates. Nocturnal
congregations of certain species have been suggested as critical for late summer West Nile virus
amplification. We evaluated the hypothesis that house sparrow (P. domesticus) and/or great-tailed
grackle (Q. mexicanus) communal roost sites (n = 22 and n = 5, respectively) in a primarily
suburban environment were spatially associated with West Nile virus transmission indices during
the 2010 outbreak of human neurological disease in metropolitan Phoenix. Spatial associations
between human case residences and communal roosts were non-significant for house sparrows,
and were negative for great-tailed grackle. Several theories that explain these observations are
discussed, including the possibility that grackle communal roosts are protective.
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Introduction

West Nile virus (WNV; flavivirus: Flaviviridae) became established throughout North
America between 1999 and 2004 and is currently endemic in the USA (Kilpatrick 2011).
Epidemics of WNV infections with neurologic disease manifestations (i.e., encephalitis,
meningitis, acute flaccid paralysis) among humans are sporadic and focal, and occur when
ecological conditions support spillover transmission from enzootic transmission cycles.
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Culex sp. mosquitoes typically serve as vectors, and certain bird species serve as amplifying
hosts (Hayes et al. 2005). An outbreak of human WNYV neurologic disease occurred in
metropolitan Phoenix in the summer of 2010. Epidemiologic studies corroborated the vector
roles of Culex quinquefasciatus and Cx. tarsalis mosquitoes within the outbreak region by
finding that both proximity of Culex breeding sites and local Culex abundance were
identified as risk factors for human WNV disease (Gibney et al. 2012). Ecologic studies
evaluated candidate avian amplifying hosts and, using a modified calculation for mosquito
inoculation index, determined that great-tailed grackle (Quiscalus mexicanus), house
sparrow (Passer domesticus), house finch (Haemorhous mexicanus), and to a lesser extent,
mourning dove (Zenaida macroura) were all involved in amplifying WNV (Komar et al.
2013).

Numerous species of birds develop high-titered viremia and are thus competent to transmit
WNV to hematophagous mosquitoes (Komar et al. 2003). However, the vertebrate
amplifiers within a transmission focus must not only be competent, but also abundant and
attractive to vectors (Kilpatrick 2011). High levels of WNV exposure among the four
candidate amplifiers were observed: great-tailed grackle, 86%; house sparrow, 51%; house
finch, 100%; and mourning dove, 45% (Komar et al. 2013). These four candidate avian
amplifiers are all known to roost communally.

Avian behaviors, such as roosting, may influence WNV transmission, although few studies
have addressed this topic. For example, Ward et al. (2006) studied the locations of nocturnal
roosts selected by Northern cardinal (Cardinalis cardinalis) and American crow (Corvus
brachyrhynchos) and estimated that a viremic crow could spread WNV over an area 700-
fold larger than that of a viremic cardinal. Other studies have evaluated the effect of
communal roosting for a variety of bird species on WNV-infection rates in mosquitoes
(Reisen et al. 2009; Diuk-Wasser et al. 2010; Benson et al. 2012). The communal roost
studies theorize that avian clusters attract Culex mosquitoes and provide a renewable source
of fuel (i.e., WNV-susceptible birds) to amplify WNV. Indeed, Komar et al. (2013)
documented that the number of vector-amplifier contacts, as determined by the density of
resting Cx. quinquefasciatus and Cx. tarsalis mosquitoes that contained vertebrate blood,
was 25-fold and 13-fold higher, respectively, at communal bird roosts compared to matched
control sites in suburban Phoenix during the 2010 epidemic.

While numerous studies have investigated environmental risk factors associated with WNV
outbreaks [reviewed in Paz and Semenza (2013)], avian behavioral risk factors (such as
communal roosting) for human WNV-associated illness have not been evaluated. The
increased density of vector-host contacts due to communal roosting behavior of certain birds
may escalate the risk of human WNV infections around these nocturnal congregations of
amplifying hosts. Therefore, we evaluated the hypothesis that communal bird roost sites
were spatially associated with WNV transmission to people and mosquitoes during the 2010
outbreak by analyzing human case data, mosquito infection data, and the location of large
congregations of roosting birds.
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A rectangular area of southeast Maricopa County measuring 6.4 km (4.0 mi) x 16.1 km
(10.0 mi.) was selected because of the cluster of human case residences within the region
and accessibility by automobile throughout the region (Fig. 1). Portions of the municipalities
of Chandler, Gilbert, and Mesa were included in the study area.

Locations of Avian Communal Roosts

Communal bird roosts were detected by a single observer driving a grid network of
approximately 80 miles of major paved roads spaced at 1-mile intervals throughout the 40-
square-mile study area during the final 45 min of day-light for each of 10 days while
listening and watching for bird congregations. The grid was covered twice during the study
period. The flight vectors of flocks were plotted on a map. Triangulation of multiple vectors
indicated the locations of nocturnal roosts. The geographic locations of these roost sites
were recorded and visited to confirm the presence and species identity of the roosting flocks.
Detection of communal roosts was carried out from September 14-20, and from October
26-28, 2010.

Locations of Residences of Human Cases and Non-cases

Geocoded data for case and non-case residences within the study area were obtained from a
larger case—control study conducted by CDC and the Maricopa County Department of
Public Health (Gibney et al. 2012). Briefly, a case was defined as a resident of the southeast
section of Maricopa County (“East Valley”) with laboratory-confirmed WNV disease, as
reported to the Maricopa County Department of Public Health. Laboratory confirmation
required detection of WNV-reactive IgM antibody or specific WNV RNA in blood or
cerebral spinal fluid. A control was defined as an East Valley resident presenting with
WNV-like signs and/or symptoms but with a cerebrospinal fluid sample testing negative for
WNV-reactive IgM = 4 days after symptom onset or a serum sample testing negative for
WNV-reactive IgM =7 days after symptom onset. Human WNV cases occurred from late
May through September, and peaked in July. Human cases utilized for the study occurred
between May 28 and July 31, 2010.

Mosquito Infection Data

Data from routine mosquito collection sites located within the study area were provided by
Maricopa County Environmental Service Vector Control Division and were utilized to
estimate WNV-infection rates within the study area. Collection sites were selected
independently from locations of avian communal roosts, based mainly on the locations of
historical nuisance reports. Cx. quinquefasciatus and Cx. tarsalis collected overnight in
CO»-baited CDC light traps (with light bulbs removed) were sorted by species and pooled
into groups of up to 50 adult females. Pools were homogenized and tested for WNV
infection using the RAMP® WNV Test (Response Biomedical, Vancouver, BC); RAMP
values = 100 were considered positive for the detection of WNV antigen. Cumulative WNV-
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infection rates for the 3-month period May 25-August 28, 2010 were estimated using bias-
corrected maximum likelihood for each species and trap location (Biggerstaff 2006).

Geospatial and Statistical Analysis

Results

Geographic coordinates for communal bird roosts and mosquito traps were geocoded using
ArcGIS 10.0 (ESRI, Redlands, CA), and mapped in conjunction with geocoded case and
non-case residence data. To investigate the spatial associations among communal bird roosts
and human WNV case residences, the Euclidean distances between human case and non-
case residences and their nearest communal roosts were calculated using Hawth’s Tools in
ArcGIS, and compared using exact permutation tests for the differences of means and
medians (Lehmann 1991); 95% confidence intervals were calculated using bootstrap
resampling methods (Davison and Hinkley 1997; Canty and Ripley 2013). A logistic
regression model was used to determine if distance from roost was significantly associated
with human infection. For mosquito infection rate analyses, we estimated the infection rates
at each trap using pooled binomial methods (Hepworth 2005; Biggerstaff 2006). Potential
association between infection rates at mosquito trap locations and their distance to the
nearest great-tailed grackle or house sparrow roost were evaluated using pooled binomial
regression methods (Xi 2001). Analyses were performed using SAS version 9.1 and R
version 2.14.2 (http://www.r-project.org, and using the Ime4, coin, boot, and binGroup
packages).

Locations of 22 communal house sparrow roosts and 5 communal great-tailed grackle
roosts, 20 mosquito trap sites, and 31 human residences (16 cases and 15 non-cases) were
mapped within the study area (Fig. 1). These 27 communal roost sites were consistently
active during the period of data collection.

Sparrow roosts were typically located in shrubbery of oleander (Nerium oleander) and
hosted 20-200 individuals. Grackle roosts were typically in ornamental giant timber bamboo
(Bambusa oldhamii). The grackle roosts each contained >500 individuals and small numbers
of other blackbird species (family Icteridae) such as cowbirds (Molothrus species) as well as
European starling (Sturnus vulgaris). Both the sparrow and grackle utilized ornamental
vegetation for roost trees, and thus were always located near human residences and other
buildings. Major dove and finch roosts (with >20 individuals) were scarce in the study
region. The absence of major dove and finch communal roosts led us to focus on sparrow
and grackle communal roosts for the data analysis.

To test for an association between the location of sparrow or grackle communal roost sites
and WNV case residences, we compared the mean and median distances between these and
the residences of cases and non-cases within the study site (Table 1). A significant
difference was detected for grackle roosts but not sparrow roosts. Case residences were
significantly farther away from grackle roosts than non-case residences. The logistic
regression model also showed that distance from communal grackle roosts was significantly
associated with the infection status of case residences (OR = 4.41, 95% CI 1.28-15.16), but
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sparrow communal roost distance was not significantly associated (OR = 0.46, 95% ClI
0.18-1.20).

During the period May 25 through Aug 28, 19 of 81 (22.2%) Cx. quinquefasciatus pools
(containing 950 mosquitoes) were WNV-positive and 8 of 28 (28.6%) Cx. tarsalis pools
(containing 486 mosquitoes) were WNV-positive. Positive mosquito pools were detected at
9 of the 20 trap sites (Fig. 1). Efforts to evaluate dependence of infection rate on distance to
nearest communal roosts were unsuccessful due to insufficient data for robust or reliable
estimation, despite aggregation across Culex species and over the period of the study (Fig.
2). Relatively few mosquitoes were collected at several trap locations, as evidenced by the
wide infection rate ClIs.

Discussion

A study of avian hosts of WNV in the East Valley of metropolitan Phoenix, Arizona, found
elevated seroprevalence (i.e., above 50%) in several species of communally roosting birds
following the human WNV epidemic that occurred there June—August, 2010 (Komar et al.
2013). In particular, house sparrow and great-tailed grackle were found to be roosting
abundantly in a suburban area where numerous human cases had occurred. In this paper, we
mapped these communal roosts and tested them for a spatial association with human WNV
cases and WNV-infected mosquitoes. A potential limitation in the study is the collection of
roost location data late in the epidemic period. Ideally these data would have been collected
in July at the peak of human exposure, in case of potential shifts in roost locations. Although
we mapped the location of the communal roost sites at the end of the outbreak period in
September, we expect that non-breeding individual birds use these sites year-round, and that
juvenile birds produced throughout the spring and early summer join the sites shortly after
fledging. In the case of the great-tailed grackle, the majority of the annual crop of juveniles
would be using the sites by mid-June, when WNYV transmission to humans was reaching
epidemic levels (Corman and Wise-Gervais 2005).

Published studies of WNV transmission risk at communal roosts of ardeids (herons and
egrets) and American robin have reported mixed findings, with some detecting higher
transmission risk near the communal roost sites (Reisen et al. 2009; Diuk-Wasser et al.
2010) and others not (Reisen et al. 2005; Benson et al. 2012). Given the recent occurrence of
an outbreak of human WNV cases in Phoenix, we expected to find a positive spatial
association between avian communal roosting and WNYV transmission in our study site.
Instead, we found a negative association of communal bird (great-tailed grackle) roost sites
with respect to residences of WNV-infected people.

Two possible explanations for this unexpected observation for great-tailed grackle
communal roost sites (i.e., that they are negatively associated with transmission) are that (1)
grackle roosts are located in habitats unsuitable for Culex host-seeking behavior and (2)
grackle roosts protect against WNV infection of people. In the first scenario, the great-tailed
grackle may select communal roost sites in locations where host-seeking mosquitoes are
scarce, thus avoiding a positive geographic association with human WNV infections. This
selection may reflect purposeful avoidance of mosquito attack, or may be driven by other
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factors which indirectly result in lower exposure to biting mosquitoes. In the second
scenario, several theories could explain a protective effect of communal grackle roosts for
WNV transmission to people (Table 2). First, the great-tailed grackle may repel Culex
mosquitoes. Second, the great-tailed grackle may attract Culex mosquitoes but because of
incompetence for infecting mosquitoes, cause a net zooprophylaxis for human infection with
WNV. Third, feeding on grackles may be hazardous to mosquito survival, presumably
through grackle defensive behaviors such as consumption of host-seeking mosquitoes.
Fourth, the high density of birds within a communal grackle roost may reduce the local
vector-host ratio and therefore lower virus amplification potential within the roost site
(Janousek et al. 2014). Lastly, the additional species that often roost together with grackles
(such as doves, starlings, and other blackbird species) may dilute the force of transmission
within a grackle roost compared to single-species communal roosts like those of the house
sparrow.

In regard to the first theory, which we term the Vector Repulsion Theory, feeding studies of
both Cx. quinquefasciatus and Cx. tarsalis have observed that blood meals from grackles
and other icterids are detected with lower frequency than expected from the relative
abundance of these birds within the broader avian community, suggesting reduced host
selection of icterids by these mosquitoes (Kent et al. 2009; Thiemann et al. 2012; Kading et
al. 2013). However, whether this is due to reduced host preference or to low survival of
mosquitoes that select icterids for blood meals is difficult to determine. If it is due to low
preference by vectors, then anti-WNV antibody prevalence in icterids would also be lower
relative to preferred species such as mourning dove and American robin, which has indeed
been observed in some studies (Komar et al. 2005; Loss et al. 2009). However, other
serosurveys have observed high exposure levels in grackles relative to other species (Godsey
et al. 2005; Komar et al. 2012, 2013; Morales-Betoulle et al. 2013). The great-tailed grackle
population sampled in our study site was found to have a WNV seroprevalence of
approximately 86% (Komar et al. 2013). This observed high seroprevalence contradicts the
theory that grackles repel Culex mosquitoes.

In regard to the second theory, which we term the Zooprophylaxis Theory, the grackle
would be incompetent to transmit WNYV infection to mosquitoes. However, data from
experimental infections demonstrate that the great-tailed grackle is an efficient transmitter of
WNYV to Culex mosquitoes, and therefore highly competent (Guerrero-Sanchez et al. 2011).
Nonetheless, immune individuals would be incompetent. Thus, the WNV-amplification
potential of the great-tailed grackle in a communal roost depends inversely on the proportion
of the birds that already circulate anti-WNV antibodies. Our observation that the communal
grackle roosts are negatively associated with WNV transmission that had occurred earlier in
the year (i.e., June=July, the period when most human infections occurred) suggests that
immunity rates among the grackles may have already been high at that time. The high
seroprevalence observed in the local grackle population supports this theory of
zooprophylaxis due to immunemediated incompetence.

The third theory, which we term the Vector Mortality Theory, derives from the concept that
blood-feeding is hazardous to a mosquito’s survival. This has been studied for other species
of birds, but not great-tailed grackle. Vertebrate hosts utilize numerous defensive behaviors
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to repel host-seeking mosquitoes, some of which result in mosquito death (Spielman and
Edman 1988). A videotaped study of defensive behaviors of roosting American robin
(Turdus migratorius) and European starling (Sturnus vulgaris) confirmed that both passerine
species occasionally snatched host-seeking mosquitoes with their beaks and swallowed them
(Hodgson 1998). This behavior was detected at dusk and in darkness using infrared video.
The rate of mosquito capture was greater in daylight. The great-tailed grackle frequently
roosts near artificial lights in urban settings (author’s personal observation), which could aid
in this form of mosquito defense. Note that grackles may still become infected with WNV
either from probing by infectious mosquitoes prior to being dispatched by the grackles’
defensive behaviors, or by per os consumption of infected mosquitoes. Consumption of
infected mosquitoes likely results in productive infections in the grackle, as has been shown
experimentally for house finch (Komar et al. 2003). Also, interrupted feeding due to anti-
mosquito defensive behaviors has been shown to increase vector-host contacts (Hodgson et
al. 2001). Thus, the high seroprevalence in the local grackle population is not inconsistent
with this theory that the grackle may kill many host-seeking Culex mosquitoes. Furthermore,
two blood meal host identification studies in the study site in August and September
detected just four Culex blood meals (n = 190) that were derived from great-tailed grackle,
inferring a low rate of repletion for Culex mosquitoes feeding on grackles in the locations
where these mosquitoes were collected (Godsey et al. 2012; Komar et al. 2013).

The fourth theory, which we term Density-dependent Dilution, stems from the observation
that grackles joining the communal roosts perch close together relative to other communally
roosting species such as egrets, robins, and crows. Theoretically, this high density of hosts
reduces the vector host ratio and ostensibly makes it more difficult for an infectious
mosquito to make contact with a susceptible amplifier, or for an uninfected vector mosquito
to make contact with an infectious bird (Janousek et al. 2014). Mathematical modeling has
demonstrated that reducing the vector-host ratio effectively reduces the force of the
epidemic wave for WNV, which would result in fewer infected mosquitoes and lower
transmission risk to humans (Magori et al. 2011).

The fifth theory, which we term Biodiversity-dependent Dilution, stems from the qualitative
observation that the grackle often joins other species in mixed-species communal roosts. If
some of these species are immune or otherwise incompetent to amplify WNV, then they
may serve as a distraction for Culex vectors to feed on the WNV-amplifying grackle, and
thereby reduce the force of transmission at the communal roost site. European starling, red-
winged blackbird, and doves of various species are low-competence species that were
variously present in the grackle roosts in Phoenix (Komar et al. 2003). The theory that
increased biodiversity tends to have a diluting effect on the force of transmission has been
demonstrated for WNV (Ezenwa et al. 2006).

In contrast to the negative association of communal grackle roosts with WNV illness in
humans, there was insufficient evidence to conclude an association between communal
house sparrow roosts and human WNV illness (P > 0.05). The house sparrow has been
implicated as an important amplifier of WNV in Phoenix (Komar et al. 2013) and other
outbreak locations, such as Florida, Louisiana, California, and Puerto Rico (Loss et al. 2009;
Molaei et al. 2010; Komar et al. 2012). A communal house sparrow roost in Colorado was
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implicated as the source of a several WNV-infected Culex spp. mosquitoes which were co-
located with the sparrow roost site, and some of which had recently fed on house sparrow
blood (Kent et al. 2009). The reason why the house sparrow may enhance WNV
transmission is that immunity levels in the sparrow population rarely achieve herd immunity
(unpublished data), due in part to rapid population turnover (Lowther and Cink 2006).

The geographic pattern of human WNV cases in our study site could be explained by this
hypothetical scenario: communal roosts of house sparrow and other competent species (such
as house finch) amplify the virus through July until immunity builds up to levels sufficient
for quenching WNYV transmission to humans, beginning in August when the outbreak
subsides. However, transmission-quenching by grackle roosts begins earlier, thus protecting
certain neighborhoods during the peak of transmission.

One limitation of our study is the small number of communal grackle roosts present in the
40-square-mile study area. To provide reliable inference in light of small sample sizes and
potential skewness in the observations, we used exact permutation methods to compare the
mean and median distances between case and control locations. Nevertheless, ecological
relationships, such as any association between communal house sparrow roost sites and
WNV transmission not detected here, are already difficult to detect due to the chaotic nature
of ecology. The environment is not static, and many environmental conditions present
challenges for accurate detection of ecological associations. For example, the geographic
locations of WNV case residences are approximations of where each human WNV infection
actually took place, and presumably a significant source of error in our risk assessment. The
set of communal roost locations is probably a subset of the true number of roost locations
within the study site, as it is possible that not all were detected. Finally, the roost locations
may have shifted in the weeks between the peak of epidemic transmission in July and the
roost-mapping effort in September. While major roost sites tend to be conserved over a
period of many years, roost sites with smaller numbers of birds often are ephemeral, as the
birds later join larger roosts. The shifting nature of these bird populations may lead to
further interference with inference.

Conclusion

In conclusion, whereas the role of communal house sparrow roosts in amplifying WNV was
ambiguous in the southeast section of Maricopa County, communal great-tailed grackle
roost sites were negatively associated with residence locations of human victims of WNV.
We cannot rule out that the locations of sparrow and grackle communal roost sites may have
shifted in the time interval between the peak of outbreak activity (July) and the period of
roost data collection (September), which could have biased the results obtained in this study.
Furthermore, our conclusion may or may not be generalizable to other WNV transmission
foci. However, the data support the observation that people living in proximity to great-
tailed grackle communal roosts in our study area were less likely to have been infected with
WNYV during the outbreak of 2010. The complex interactions between WNV, its Culex
vectors, and its vertebrate hosts require more study to understand the factors leading to virus
amplification and quenching in the community, and the complex role that communal bird
roosts may play in this transmission.
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Figure 1.

Locations of five great-tailed grackle communal roosts, 22 house sparrow communal roosts,
20 routine mosquito trapping sites, 28 human residences, including 14 cases and 14 non-
cases. Three additional human residences located outside the indicated area are not shown.
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Estimates (dots) and 95% Cls (bars) for the aggregated Culex mosquito infection rate at
each trap location by distance to nearest a grackle (GTGR) roost and b sparrow (HOSP)

roost.
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Theories that Support a Protective Effect of Communal Grackle Roosts for WNV Transmission to People.

Name of theory

Supported by this study

Vector repulsion
Zooprophylaxis
Vector mortality

Density-dependent dilution

No

Yes
Yes
Yes

Biodiversity-dependent dilution ~ Yes
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